In clinical measurements of hearing sensitivity, a given earphone is assumed to produce essentially the same sound-pressure level in all ears. However, recent measurements ͓Voss et al., Ear and Hearing ͑in press͔͒ show that with some middle-ear pathologies, ear-canal sound pressures can deviate by as much as 35 dB from the normal-ear value; the deviations depend on the earphone, the middle-ear pathology, and frequency. These pressure variations cause errors in the results of hearing tests. Models developed here identify acoustic mechanisms that cause pressure variations in certain pathological conditions. The models combine measurement-based Thévenin equivalents for insert and supra-aural earphones with lumped-element models for both the normal ear and ears with pathologies that alter the ear's impedance ͑mastoid bowl, tympanostomy tube, tympanic-membrane perforation, and a ''high-impedance'' ear͒. Comparison of the earphones' Thévenin impedances to the ear's input impedance with these middle-ear conditions shows that neither class of earphone acts as an ideal pressure source; with some middle-ear pathologies, the ear's input impedance deviates substantially from normal and thereby causes abnormal ear-canal pressure levels. In general, for the three conditions that make the ear's impedance magnitude lower than normal, the model predicts a reduced ear-canal pressure ͑as much as 35 dB͒, with a greater pressure reduction with an insert earphone than with a supra-aural earphone. In contrast, the model predicts that ear-canal pressure levels increase only a few dB when the ear has an increased impedance magnitude; the compliance of the air-space between the tympanic membrane and the earphone determines an upper limit on the effect of the middle-ear's impedance increase. Acoustic leaks at the earphone-to-ear connection can also cause uncontrolled pressure variations during hearing tests. From measurements at the supra-aural earphone-to-ear connection, we conclude that it is unusual for the connection between the earphone cushion and the pinna to seal effectively for frequencies below 250 Hz. The models developed here explain the measured pressure variations with several pathologic ears. Understanding these mechanisms should inform the design of more accurate audiometric systems which might include a microphone that monitors the ear-canal pressure and corrects deviations from normal.
INTRODUCTION A. A basic problem in audiometric testing
A common clinical test of hearing sensitivity is the puretone ''audiogram'' in which the lowest sound-pressure level at which the subject can hear a tone is determined at several frequencies. For the testing, a loudspeaker may generate a sound field around the subject, but more typically an earphone is coupled to the subject's ear; in either case, the subject indicates whether or not the sound is perceived so as to determine the hearing ''threshold'' versus frequency, i.e., the ''audiogram.'' In this study we focus on the acoustic response in the ear canal with two earphone configurations, namely an insert and a supra-aural earphone.
Ear-canal sound-pressure levels during audiometric tests are not generally measured. Instead, the level of the sound stimulus is determined by the setting of an attenuator that controls the electric input to the sound source, and it is assumed that the earphone's calibration ͑sound-pressure output per volt input͒ is independent of variation in the acoustic properties of individual ears ͑e.g., Burkhard and Corliss, 1954; Shaw, 1974; Tonndorf, 1977, 1978; Borton et al., 1989; Wilber, 1994͒ . In other words, it is assumed that an earphone's sound-pressure output is not greatly affected by the impedance of the ear to which it is coupled. However, measurements with two earphone configurations ͑insert and supra aural͒ of the pressures generated in ear canals of pathologic middle ears show pressure levels that differ from normal by as much as 35 dB ͑Voss et al., in press͒. These variations introduce errors of the same size in the measurement of audiograms.
The pressure generated by an earphone can also be affected by acoustic leaks between the earphone and the ear. As Zwislocki et al. ͑1988͒ write, ''Supra-aural earphones have low reliability at low frequencies because of variable and unstable coupling between the earphone and the ear. Air leaks occurring between the earphone cushion and the pinna produce variable amounts of sound-pressure loss at low frequencies ͑typically below 500 Hz͒, accompanied by small, variable amounts of sound-pressure enhancement at somewhat higher frequencies ͑between 500 and 1000 Hz͒.' ' The theory presented here investigates the acoustic mechanisms that affect the ear-canal pressure level generated by two types of audiologic earphones, an insert earphone and a supra-aural earphone. We combine measurements of the Thévenin equivalents for the earphones with models for ͑a͒ the ear canal, ͑b͒ the normal middle ear, ͑c͒ the middle ear with specific pathologies, and ͑d͒ leaks in the earphone-ear connection, and we use these models to predict how these different conditions affect the ear-canal pressures generated by the earphones. We compare these predictions to our recent measurements ͑Voss et al., in press͒.
B. Ear impedance and middle-ear pathology
Some middle-ear pathologies have been shown to alter the ear's input impedance ͑e.g., Zwislocki, 1962; Zwislocki and Feldman, 1970͒ ; other pathologies can also be expected to cause large changes in the ear's impedance. For example, tympanic-membrane perforations 1 provide a direct connection between the ear canal and the middle-ear air space ͓Fig. 1͑B͔͒, which reduces the impedance at the tympanic membrane for low frequencies ͑Voss, 1998͒. Similarly, tympanostomy tubes, 2 which are inserted through the tympanic membrane to manage middle-ear disease ͓Fig. 1͑C͔͒, also reduce the low-frequency impedance of the middle ear via the same mechanism. Our third pathological configuration, ''mastoid bowl,'' results from ''canal-wall down'' mastoid surgery ͑see, e.g., Nadol, 1993, pp. 104-106͒ . This procedure, which is performed to remove middle-ear disease, opens the mastoid portion of the middle-ear air spaces and externalizes this space by connecting it to the ear canal by removal of a portion of the posterior and superior bony-canal FIG. 1. Structural modifications in three middle-ear pathologies. All four figures portray a horizontal section through the middle ear at the level of the stapes. Bone is black, fluid is dotted, air is white, and soft tissue is gray. ͑ETϭEustachian tube; ANϭauditory nerve; ECϭear canal; TMϭtympanic membrane.͒ ͑A͒ Normal ear. ͑B͒ Perforation of the tympanic membrane. ͑C͒ Tympanostomy tube in the tympanic membrane. ͑D͒ Mastoid-bowl cavity connecting to the ear canal. ͑EG ϭEpithelial graft.͒ wall. The resulting ''mastoid bowl'' introduces a 1 to 6 cm 3 air volume to the external ear ͑Merchant, 1997͒ ͓Fig. 1͑D͔͒.
Other middle-ear pathologies have been shown to increase the ear's impedance magnitude relative to normal. Abnormal growth in the petrous bone can reduce movement of the stapes in otosclerosis ͑Zwislocki and Feldman, 1970͒, and fluid in the middle-ear cavity can impede tympanic membrane and ossicular motion in otitis media ͑Berry et al., 1975͒.
The goal of this paper is to understand the mechanisms through which such pathologies alter sound pressures generated in the ear canal by insert and supra-aural earphones.
C. Theory
Audiometric practice assumes that the ear-canal pressure P EC is nearly independent of the ear to which the earphone is coupled. In this section we examine the constraints that make this assumption accurate.
In the analog-circuit model of Fig. 2 , P EC can be expressed in terms of the earphone's Thévenin parameters, P TH and Z TH , and the ear's impedance, Z EAR :
where P TH is proportional to the input voltage applied to the earphone. The ratio between the ear-canal pressure generated in a test ear and the pressure generated in an average normal ear can be expressed in terms of ⌬ZϵZ EAR ϪZ EAR NORMAL as
where Z EAR NORMAL is the impedance of an average normal ear and Z EAR is the impedance of the test ear. Thus, for ͉P EC / P EC NORMAL ͉ to be approximately one, the term (⌬Z EAR /Z EAR NORMAL )/(1ϩZ EAR /Z TH ) in Eq. ͑2͒ must have a magnitude that is much less than one. If ͉Z EAR /Z TH ͉→ϱ, so that the earphone acts as an ideal pressure source, the approximation would hold for any finite ͉⌬Z EAR ͉. However, our measurements show that typical earphones do not approximate pressure sources, but rather 0.9Ͻ͉1ϩZ EAR /Z TH ͉ Ͻ3.
Consequently, to satisfy the assumption that P EC is nearly independent of Z EAR , impedance variations among ears, ⌬Z EAR , must be small relative to Z EAR NORMAL . We show here that this constraint is also violated for some middle-ear pathologies. For example, using the ER-3A insert earphone in an ear with a 4-cm 3 mastoid bowl at 1000 Hz, ⌬Z EAR /Z EAR NORMAL ϷϪ0.8, so that ͑with 1ϩZ EAR /Z TH Ϸ1) ͉P EC / P EC NORMAL ͉Ϸ0.2, and the sound pressure in the ear is about Ϫ14 dB relative to the assumed calibration value, which leads to an overestimate of hearing loss by about 14 dB.
I. THÉ VENIN EQUIVALENTS FOR EARPHONES

A. Measurement methods
An insert earphone ͑Etymōtic ER-3A͒ and a supra-aural earphone ͑TDH-49 with an MX-41/AR cushion͒ were each modified to include a microphone ͑Voss et al., in press and Fig. 3͒ . The insert earphone was coupled to the standard yellow-foam ear plug ͑Earlink™; uncompressed diameter 14 mm, length 12 mm͒, and a flexible probe tube ͑Etymōtic Research ER7-14C͒ was threaded through the foam plug. One end of the probe tube extended 3 mm beyond the medial end of the plug, and the other end was coupled to the microphone. With the supra-aural earphone, a steel tube was inserted through the earphone's cushion so that one end was at the earphone's output port and the other end exited along the cushion's outer circumference. A flexible probe tube ͑Ety-mōtic Research ER7-14C͒ was placed through the steel tube; the inner end of the probe tube was less than 1-mm lateral to the earphone port and the other end coupled to the microphone. The flexible probe fit snugly in the steel tube.
The Thévenin equivalents were determined for each earphone from pressure measurements in two ''reference loads'' of theoretically known impedance ͑see, e.g., Rabinowitz, 1981; Allen, 1986; Lynch et al., 1994͒ . The reference loads were a short closed cavity and a long open tube, which are described further in Fig. 3 .
The pressure measurements were made using an Ariel DSP-16ϩ board with SYSid™ software ͑e.g., Voss and Allen, 1994͒. The software reports the Fourier transform of the sampled and averaged time-domain response. The responses to chirp stimuli were sampled at 50 kHz and averaged over 200 repetitions. The DFT length was 2048 points for all measurements except those made in the long open tube that attached to the supra-aural earphone ͓Fig. 3͑D͔͒, which had a DFT length of 8192 points.
The impulse response computed from the pressure measurement made in the long open tube attached to the supraaural earphone showed energy that was delayed by more than 10 ms in time relative to the electric stimulus. This energy appeared to result from reflections in the tube at locations remote to the earphone. Because such reflections are not included in the uniform tube model that is used for the theoretical impedance of the long tube, to remove their effects we set the impulse response to zero for all times greater FIG. 2. Electric-circuit analog that represents acoustic variables for an earphone coupled to an ear. The earphone is represented by its Thévenin equivalent ͑shaded gray͒: a pressure source P TH and an impedance Z TH . Z EAR , the acoustic load on the earphone, is represented by the white block. P EC is the pressure generated by the earphone in the ear canal. The labeled quantities are acoustic quantities with sound pressure analogous to voltage relative to ''ground'' and volume velocity analogous to current ͑i.e., the ''impedance analogy''͒.
than 10 ms and used the DFT of this signal as the pressure frequency response.
The theoretical impedances of all reference loads were calculated from the equations of Egolf ͑1977͒. For each earphone, the pressure measurements made in the two loads were combined with the loads' theoretical impedances to calculate the Thévenin pressure source and impedance: P TH I and Z TH L for the insert earphone and P TH SA and Z TH SA for the supraaural earphone.
B. Results: Thé venin equivalents
Our measurements of the Thévenin pressures and impedances for both insert and supra-aural earphones are shown in Fig. 4 . The Thévenin acoustic output impedances are nearly identical for the two ͑ER-3A͒ insert earphones, where ''Earphone A'' has an electric input impedance of 50 ⍀ and ''Earphone B'' has an electric input impedance of 10 ⍀, and the two Thévenin pressures differ by about 5 dB at most frequencies. The Thévenin impedance magnitude of the supra-aural earphone is about one tenth that of the insert earphones.
These descriptions of the earphones are used in Sec. III to predict the pressure that the earphones generate in ear canals. Angles. The Thév-enin pressure angles for the insert earphones correspond to a constant delay of about 1.1 ms-the time it takes sound to travel about 35 cm-which is the length of plastic tubing through which sound generated by the insert earphone must travel. Earphone A is an ER-3A insert earphone with a nominal input impedance of 50 ⍀ and earphone B is an ER-3A with an input impedance of 10 ⍀. The angles of the equivalent pressure of the two insert earphones are essentially identical.
II. MODELS FOR EARS COUPLED TO EARPHONES
A. Goals and approach
We propose simple circuit models to represent two earphone configurations ͑i.e., insert and supra-aural͒ coupled to a normal ear, coupled to four types of pathologic ears, and incorporating acoustic leaks between the supra-aural earphone and the ear. Our goal is to use these models to test our understanding of the acoustic mechanisms that are important in determining the ear-canal sound pressure generated under these different conditions. In the next section ͑Sec. III͒ we use these models to make predictions for the ear-canal sound pressure in each of the configurations. We plot our model predictions for a frequency range of 100-4000 Hz, which contains the important audiologic frequencies. The lumped-element analog model is accurate only when the dimensions of the ear canal and ear are small relative to the wavelength of sound. With the insert earphone and a normal ear, the largest dimension is the ear-canal length of about 13 mm, which is 15% of the 88-mm wavelength of sound at 4000 Hz; thus, the lumped model should accurately represent the acoustic variations for frequencies up to 4000 Hz. With the supra-aural earphone and a normal ear, the largest dimension of the ear is much larger than with the insert earphone: the ear-canal length plus the distance from the ear canal to the earphone is about 50 mm. Here, the frequency at which the largest dimension is 15% of a wavelength is only 1050 Hz. Thus, with the supra-aural earphone the lumped model becomes inaccurate at lower frequencies than with the insert earphone.
B. The normal ear
The lumped-element model for the normal middle ear ͓Fig. 5͑A͔͒ consists of three impedances. Z EE represents the external-ear (EE) air space between the tympanic membrane Fig. 5͑B͒ and ͑C͒ for both cases.͔ The impedance that represents the external-ear air volume is assumed constant for all middleear conditions and is placed in parallel with the impedances that represent the middle ear to represent the portion of the volume velocity generated by the earphone that compresses the air in the external-ear; the rest of the volume velocity represents movement of the tympanic membrane. We will see that the external-ear volume plays an important role in the ear's impedance; the difference between the insert earphone's smaller external-ear volume and the supra-aural earphone's larger external-ear volume is partially responsible for earphone-linked differences in the effects of altered middle-ear impedances on ear-canal pressures.
Our lumped-element model represents the middle ear by two impedances in series: Z TOC and Z CAV . Z TOC represents the tympanic membrane ͑T͒, ossicular chain ͑O͒, and cochlea ͑C͒, and the Z TOC we use ͓see Fig. 5͑B͒ and ͑C͔͒ is the mean from temporal-bone measurements ͑Voss, 1998; Fig. 4 -2͒. Z CAV represents the middle-ear cavity. The model we use for Z CAV ͑Fig. 6͒ is the same topology used in Kringlebotn's ͑1988͒ middle-ear model, but some of the element values were determined from measurements of Z CAV on human temporal bones ͑Voss, 1998, pp. 168-173͒. In this model, C t represents the compliance of the tympanic cavity, with C t ϭV t /(c 2 ), M ad and R ad represent the ''tubelike'' aditus ad antrum that connects the tympanic cavity and the mastoid cavity ͑Voss, 1998, pp. 168-169͒; and C a represents the compliance of the antrum and other air cells, with C a ϭV a /(c 2 ), where V a is the total volume of the antrum and other mastoid air cells. The impedance Z CAV is plotted in Fig. 5͑B͒ .
In a normal ear, ͉Z TOC ͉ӷ͉Z CAV ͉ so that the ear's input impedance, Z EAR NORMAL , is well approximated by the parallel combination of Z EE and Z TOC . Since ͉Z EE ͉Ͻ͉Z TOC ͉ for both earphone configurations, Z EE plays an important role in determining Z EAR . The impedance values for Z EAR NORMAL are plotted in Fig. 5͑B͒ and ͑C͒. Because the external-ear volume is much larger with the supra-aural earphone than with the insert earphone, the driving-point impedance magnitude of the normal ear, ͉Z EAR NORMAL ͉, is much smaller with the supraaural earphone than with the insert earphone. Figure 5͑B͒ and ͑C͒ allows comparison of the Thévenin-impedance magnitudes for each source to that of the normal ear. Neither Thévenin impedance meets the condition required for a nearly ideal pressure source, namely that ͉Z TH ͉ Ӷ͉Z EAR NORMAL ͉ ͑Sec. C of the Introduction͒. In fact, for both earphone configurations ͉Z TH ͉Ͼ͉Z EAR NORMAL ͉ for frequencies above 700 Hz. Thus, for ear-canal pressures to be nearly independent of the attached ear, pathologic changes in Z EAR must be small relative to the normal value for Z EAR . Subsequent sections of this paper determine whether this condition is met for either earphone configuration with ears having middle-ear pathologies and earphone-ear connections with acoustic leaks.
C. Pathologic ears
Scope
To create models for three pathologic conditions ͑mastoid-bowl ear, tympanostomy-tube ear, and tympanicmembrane-perforation ear͒ and one condition that approximates pathological ears with ''high-impedances,'' we modify the lumped-element model for the normal ear ͓Fig. 5͑A͔͒ by adding elements.
Mastoid-bowl ear
The effect of the mastoid bowl ͓Fig. 1͑D͔͒ is represented by an added impedance Z BOWL in parallel with the ear-canal air space and the normal middle-ear components ͓Fig. 7͑A͔͒. Z BOWL is a compliance, with an equivalent volume equal to the physical volume of a mastoid bowl, which can range from about 1 to 6 cm 3 ͑Merchant, 1997͒. The additional air volume acts to decrease the magnitude of the ear's drivingpoint impedance; the greater the bowl's volume, the more the impedance magnitude decreases relative to normal. The impedance magnitudes for the driving-point impedance of an ear with a mastoid bowl, Z EAR MB , with bowl volumes of 1 cm 3 and 6 cm 3 are compared to the Thévenin impedances of the two sources in Fig. 7͑B͒ and ͑C͒.
For the insert earphone, ͉Z EAR MB ͉Ͻ͉Z EAR NORMAL ͉ for both bowl volumes, and the impedance of the mastoid bowl is approximately the driving-point impedance of the ear Z EAR MB . Moreover, the condition that variations in Z EAR must be small relative to Z EAR NORMAL ͑Sec. C of the Introduction͒ is grossly violated for the insert earphone; with the larger mastoid bowl the ear's impedance magnitude ͉Z EAR MB ͉ decreases to about 1/7 the value for a normal ear.
The relative impedance magnitudes are somewhat different with the supra-aural earphone. In this case, the additional volume introduced by the mastoid bowl is less than the 12-cm 3 air volume between the source and the tympanic FIG. 6 . Lumped-element model that represents the middle-ear cavity impedance Z CAV ͑Voss, 1998͒. Element values determined by Voss ͑1998͒ from measurements of Z CAV made on temporal bones are: C t ϭ4.2ϫ10 Ϫ12 F, where C t has an equivalent volume V t of 0.6 cm 3 ; M ad ϭ722 H; R ad ϭ0.05ϫ10 6 ͱf ⍀, where f is frequency ͑in Hz͒; and C a ϭV a /(c 2 ), where V a is the volume of the antrum and other mastoid air cells. Here, unless noted otherwise, V a ϭ5.9 cm 3 (C a ϭ42ϫ10 Ϫ12 F), which when added to the tympanic-cavity volume of 0.6 cm 3 , results in the total middle-ear cavity volume of 6.5 cmmembrane in the normal ear. Therefore, the effect of a mastoid bowl, though it still reduces the driving-point impedance magnitude, is much smaller with the supra-aural earphone. With a mastoid volume of 6.0 cm 3 , the impedance magnitude decreases by less than a factor of 2 relative to the normal ear. Thus, the condition required for constant ear-canal pressures-that variations in Z EAR must be small relative to Z EAR NORMAL -is more closely approximated with the supraaural earphone.
The frequency range for which the lumped-element model is valid depends on the largest dimensions of the ear. A mastoid bowl modifies the ear canal and increases the external-ear and ear-canal dimensions relative to normal. With the insert earphone and a normal ear the largest dimension was identified as the effective ear-canal length of about 13 mm; a mastoid bowl may increase this dimension and thus reduce the upper valid frequency limit of 4000 Hz. With the supra-aural earphone, the largest dimension of about 50 mm probably does not increase much with the addition of a mastoid bowl, and the upper limit for our model probably remains at about 1000 Hz. As we will see ͑Sec. III C͒, the ''simple'' lumped-element model of Fig. 7͑A͒ fails to capture pressure extrema that occur in the experimental data at frequencies above 1000 Hz with the supra-aural earphone. In order to increase the valid frequency range for the model of a supra-aural earphone coupled to a mastoid-bowl ear, we will represent the external ear ͑i.e., Z EE ) by several lumped elements ͑Sec. III E͒.
Tympanostomy-tube ear
The tympanostomy tube is modeled as a lossy tube, with impedance Z TUBE , connecting the ear-canal air space to the middle-ear cavity space ͓Fig. 8͑A͔͒; the volume velocity through Z TUBE contributes to the volume velocity into Z CAV .
The impedance Z TUBE is calculated from the lossy equations of Egolf ͑1977͒, with the length of the tube l ϭ2.1 mm and the diameter dϭ1.27 mm corresponding to the dimensions of a Baxter™ tympanostomy tube. To compute Z TUBE , we reduce Egolf's two-port network model of a tube to a one-port element by computing the input impedance of the two-port network terminated with an impedance of zero. Z TUBE is approximately a mass in series with a small resistance ͓͉Z TUBE ͉ as plotted in Fig. 8͑B͔͒ .
The impedance magnitudes for an ear with a tympanostomy tube Z EAR TUBE are plotted for both earphone configurations ͓Fig. 8͑B͒ and ͑C͔͒. Here, because of the tube's connection to it, the middle-ear cavity impedance Z CAV becomes an important element in the model. At the lowest frequency plotted ͑100 Hz͒, ͉Z TUBE ͉Ӷ͉Z TOC ͉ and ͉Z TUBE ͉Ӷ͉Z CAV ͉, independent of earphone configuration; thus, the driving-point impedance Z EAR is essentially the parallel combination of FIG. 7 . ͑A͒ Lumped-element model for an earphone with Thévenin source characteristics ͑shaded gray͒ P TH and Z TH that is connected to an ear with a mastoid bowl ͑MB͒. The white blocks are identical to the normal middle ear of Fig. 5͑A͒ . The striped box labeled Z BOWL is a compliance with an equivalent volume equal to the volume of the mastoid bowl. ͑B͒ Impedance values for the model of A with the insert earphone. Z EAR MB the driving-point impedance of the ear with a mastoid bowl ͑MB͒, is shown for two mastoid bowl volumes, 1 and 6 cm two compliance-dominated impedances, Z EE and Z CAV . As frequency increases, Z TOC remains relatively unimportant; Z TUBE , which can be approximated by an acoustic mass, M TUBE , increases in magnitude; and a series resonance between the acoustic mass of the tube and the ''effective'' compliance of the middle-ear cavity 4 occurs between 300 and 400 Hz. This resonance results in an impedancemagnitude minimum at frequency f min , which depends on the dimensions of the tympanostomy tube and the middle-ear cavity volume and is independent of the type of earphone ͑i.e., insert or supra-aural͒. The depth of the impedance minimum does depend on the earphone type because the drivingpoint impedance Z EAR depends on Z EE , which changes with earphone type. As frequency increases further, a peak at frequency f max occurs as a result of a parallel resonance between the compliance of the external-ear volume and the effective middle-ear cavity compliance and the mass of the tube. The frequency f max depends on the external-ear volume and is thus different for the two earphones.
Large variations of Z EAR TUBE relative to Z EAR NORMAL occur in ears with tubes ͓Fig. 8͑B͒ and ͑C͔͒. The magnitude variations are larger for the insert earphone than for the supra-aural earphone, but the supra-aural earphone variations can be substantial near the resonant frequencies. Thus, the condition ͑Sec. C of the Introduction͒ required for constant ear-canal pressures-that variations in Z EAR must be small relative to Z EAR NORMAL -is not met at some lower frequencies for ears with tympanostomy tubes.
Tympanic-membrane perforations
The model for a tympanic-membrane perforation is identical in topology to the tympanostomy tube; the perforation's impedance Z PERF is placed between the external-ear volume and the middle-ear cavity, and the impedance Z PERF is calculated using equations from Morse and Ingard ͑1968, pp. 480-483͒ for a circular orifice with negligible thickness, where Z PERF ϭ jM PERF ϩR PERF is the series combination of M PERF ϭ/d with the density of air and d the perforation's diameter, and R PERF ϭ1/͓4(d/2) 2 ͔ͱ2 ln (d/h) with h the larger of two quantities: ͑1͒ half the thickness of the tympanic membrane, where the thickness of the tympanic membrane equals 0.1 mm ͑Lim, 1970͒, or ͑2͒ the thickness of the viscous boundary layer d v ϭͱ2/(), where is the absolute viscosity of air. The calculated ͉Z PERF ͉ with a 1-mm-diameter perforation is included in Fig. 8͑B͒ .
Impedance magnitudes for the ear with two different sized tympanic-membrane perforations Z EAR PERF ͑covering 1% and 4% of the tympanic-membrane area 5 ͒ are plotted for both earphones ͓Fig. 8͑B͒ and ͑C͔͒. The impedance's behav- ior is similar to the condition with the tube. At the lowest frequencies, the driving-point impedance magnitude ͉Z EAR PERF ͉ is essentially the parallel combination of the compliancedominated impedances Z EE and Z CAV . As frequency increases, a minimum and maximum occur in ͉Z EAR PERF ͉, as with the tymanostomy tube. A series resonance between the perforation's mass and the effective middle-ear cavity compliance results in an impedance minimum, and a parallel resonance between the external-ear volume and the effective middle-ear cavity compliance and the perforation's mass results in an impedance maximum. Thus, as in the case with the tube, the frequency of the impedance minimum is independent of the earphone, and the frequency of the impedance maximum depends on the earphone. The condition ͑Sec. C͒ of the Introduction͒ required for constant ear-canal pressures-that variations in Z EAR must be small relative to Z EAR NORMAL -is not met at some lower frequencies.
''High-impedance'' ear
Pathologies that can increase the impedance of the ear include otosclerosis and a fluid-filled middle-ear cavity. An ''infinite-impedance'' middle ear represents an upper limit for the effect of pathologies that increase the ear's impedance: with the impedance magnitude at the tympanic membrane infinite, 6 the earphone's load impedance is that of the ear-canal air space Z EE ͓Fig. 9͑A͔͒. In Fig. 9͑B͒ and ͑C͒, the effect of the ''infiniteimpedance'' middle ear is shown for each earphone. The impedance magnitude that the earphone must drive, ͉Z EAR ϱ ͉, increases relative to ͉Z EAR NORMAL ͉ with both earphones, but not by a large factor. For the insert earphone, the impedance increases by less than a factor of 2 at all but the lowest frequencies, and for the supra-aural earphone, the impedance increases by an indistinguishable amount. The reason for these small impedance changes is that the external-ear volume limits the driving-point impedance. With this externalear ''buffer,'' the impedance that the earphone must drive can never exceed the impedance of the external-ear volume. For example, with the insert earphone, at 1000 Hz, the second term of Eq. 
D. Acoustic leaks between the earphone and the ear
As demonstrated later ͓Fig. 11͑B͒ and Fig. 13͔ , our measurements with the supra-aural earphone ͑Voss et al., in press͒ are consistent with acoustic leaks occurring at the earphone-ear connection. Here, we propose circuit models for the supra-aural earphone configuration with an acoustic leak in the earphone-ear connection with a normal ear and with an ear with a mastoid bowl. We do not know the spatial configuration of the leaks, which probably differ among ears; our models for the normal and the mastoid-bowl ears represent possible leak configurations.
To motivate the configuration of our model ͓Fig. 10͑A͔͒, consider the connection between a supra-aural earphone and a normal ear. For no leaks to occur, around its entire periphery the earphone cushion must abut the pinna. Here, we propose a model in which gaps occur between the pinna and the cushion in the normal ear. We represent these connections to the space around the earphone as an array of small tubes (Nϭ150), indicated schematically in Fig. 10͑B͒ , each with a length l leak ϭ2.5 cm, which corresponds to the distance from the central hole of the earphone cushion to its outer edge, and a radius r leak ϭ0.0125 cm ͑for a total leak area of 150r leak 2 ϭ0.08 cm 2 ). The impedance for each tube in the array is calculated from the lossy equations of Egolf ͑1977͒ with a terminating impedance of zero.
7 Each tube in the array is indicated schematically in Fig. 10͑B͒ by a frequency-FIG. 10 . ͑A͒ Model for a normal ear with a leak between the earphone and the ear. The impedances Z EE , Z TOC , and Z CAV are identical to the normal middle ear of Fig. 5͑A͒ . The impedance labeled Z LEAK ͑striped͒ represents the leak. ͑B͒ Model for the acoustic leak. The striped annular region represents the cushion of a supra-aural earphone, across which there are several small pathways that connect the air in the center of the cushion to the surrounding air. Here, eight independent air pathways are represented, each by a frequency-dependent acoustic mass in series with a frequency-dependent acoustic resistance. The three dots between each air pathway indicate the possibility of more elements in the array. The calculations shown here use 150 total pathways so that Z LEAK ϭ(1/150)͓R LEAK ( f )ϩ jM LEAK ( f )͔. ͑C͒ Model predictions for the driving-point impedance magnitude for the normal ear with and without the leak shown here ͉Z EAR NORMAL ͉ ͓array of 150 ''tubelike'' leaks as in ͑B͔͒ and the driving-point impedance magnitude for a mastoid-bowl ear ͉Z EAR MB ͉ with an additional larger leak described in the text. dependent mass in series with a frequency-dependent resistance. These leak-model parameters were chosen because they produce an ear-canal pressure that matches average measurements made on normal ears with the supra-aural earphone. Other leak configurations that match the measurements can also be found, as there are several free parameters in this model ͑i.e., r leak , l leak , N͒. With the leak configuration proposed here, Fig. 10͑C͒ shows that the ear's drivingpoint impedance magnitude ͑with a leak͒ is reduced for frequencies below 500 Hz, slightly increased for frequencies between 500 and 1000 Hz due to a parallel resonance between the mass of the leak and the compliance of the normal ear, and roughly normal for frequencies above 1000 Hz where the leak's impedance magnitude becomes much greater than the ear's normal impedance magnitude and as a result the leak is effectively plugged.
Our measurements of ear-canal pressures generated by the supra-aural earphone show the largest low-frequency reductions in ear-canal pressure in ears with mastoid bowls, suggesting that larger leaks occur with mastoid-bowl ears than with other types of ears. ͑Reasons for these larger leaks are discussed below in Sec. III D.͒ We model the additional leak as a single pathway between the air space under the earphone cushion and the atmosphere. This pathway, which is larger than any of the single pathways for a leak with a normal ear, is represented by an acoustic mass M leak MB ϭ leak MB /A leak MB whose impedance is calculated as Z leak MB ϭ jM leak MB . Figure 10͑C͒ shows the predicted driving-point impedance for an ear with a 3-cm 3 mastoid bowl, an array of small leaks identical to those shown for the normal ear, and an additional leak with l leak MB ϭ1 cm and A leak MB ϭ0.2 cm 2 that is placed in parallel with the leak for the normal ear. Figure  10͑C͒ shows that with the given configuration, the mastoidbowl ear's driving-point impedance magnitude is reduced for frequencies below 500 Hz ͑by nearly a factor of 100 at 100 Hz͒, increased relative to normal for frequencies between 500 and 1500 Hz, and nearly unchanged for frequencies above 1500 Hz.
III. MODEL PREDICTIONS
A. Plan
In this section, we use the models to predict the earcanal pressure generated in each of the two earphone configurations in normal and pathologic ears. We are particularly interested in showing how the ear-canal pressures change from normal when the ear's impedance changes due to pathology or when an acoustic leak exists between the ear and the supra-aural earphone; thus, we plot ear-canal pressures relative to those in normal ears ͓i.e., Eq. ͑2͔͒. We include measurements ͑Voss et al., in press͒ with the model predictions where possible.
B. The normal ear
In Fig. 11 measurements are compared to the model predictions ͑with no representation of a leak at the earphone-ear connection͒ for normal ears. For an earphone that acts as an ideal pressure source, the ratio ͉P EC / P TH ͉ would correspond to 0 dB ͑i.e., P EC ϭ P TH ). In Fig. 11 , the measurements show that with either earphone ͉P EC / P TH ͉ϽϪ5 dB for most frequencies, and thus neither earphone approximates an ideal pressure source. The model predictions for the insert earphone approximate the mean of the measurements and are within one standard deviation of the mean at most frequencies; thus, the model predictions are consistent with the measurements. In contrast, the model predictions for the earcanal pressures generated by the supra-aural earphone are consistent with the measurements above 250 Hz, but below 250 Hz the measurements and model differ by about 10 dB. An explanation of this difference in terms of a leak between the earphone's cushion and the ear will be discussed further in Sec. III D below. As measurements made by Shaw ͑1966, Fig. 2͒ with the TDH supra-aural earphone show a similar low-frequency difference between pressures generated in a coupler and pressures generated in normal ears, this result seems to be representative of other measurements.
C. Pathologic ears
Mastoid bowl
a. Model predictions. The model predicts ͓Fig. 12͑A͔͒ that a mastoid bowl reduces the ear-canal pressure generated by both the insert and the supra-aural configurations and that the pressure reduction increases as mastoid-bowl volume in- FIG. 12 . Model predictions for the ear-canal pressures generated in ears with middle-ear pathologies with the insert earphone ͑LEFT͒ and the supra-aural earphone ͑RIGHT͒. Pressures are in dB relative to the pressure generated in a normal ear ͑Fig. 11͒. All model predictions are in black lines. Gray shaded regions ͑lines͒ indicate the range ͑value͒ of measurements made on subjects ͑Voss et al., 1999͒. ͑A͒ Mastoid-bowl ears. ͑B͒ Tympanostomy-tube ears. The measurement ranges summarize measurements on ears with Baxter™ tympanostomy tubes. Model predictions are shown for three choices of middle-ear cavity volume V CAV . ͑C͒ Perforations of the tympanic membrane. The perforation diameter was estimated visually, using an otoscope, for the human subjects, and the model's middle-ear cavity volume V CAV was selected to fit the measurements. The 100% perforation refers to a case with no tympanic membrane. ͑D͒ ''High-impedance'' ear. No measurements were made for this condition. In the model ͑Fig. 9͒ ͉Z TOC ϩZ CAV ͉ was made infinite.
creases; the reduction is much greater with the insert earphone than with the supra-aural earphone. With the insert earphone and a mastoid bowl of 6 cm 3 , the reduction is between 15 and 20 dB, whereas with the supra-aural earphone it is only 2-3 dB. This difference is a consequence of the impedances shown in Fig. 7: The volume of the mastoid bowl has dramatic effects on the driving-point impedance Z EAR with an insert earphone because the insert earphone faces an external-ear volume of only 0.5 cm 3 ; addition of the 6-cm 3 bowl increases the total volume by a factor of 12. Conversely, with the supra-aural earphone the external-ear volume of 12.0 cm 3 is increased by only a factor of 1.5 by the 6-cm 3 bowl, which changes the impedance magnitude ͉Z EAR ͉ by a factor of about 0.7 ͑or Ϫ1 dB͒ at all frequencies.
b. Comparison to measurements. Measurements of earcanal pressures made on human subjects are generally consistent with the model predictions ͓Fig. 12͑A͔͒. For the insert earphone, the measurement range is very close to the model's range for volumes of 1 cm 3 to 6 cm 3 . With the supraaural earphone, the range of the measurements is much larger than the model predictions, with both a systematic reduction in pressure below about 500 Hz and increases in pressure between 500 and 1000 Hz; these features could result from acoustic leaks between the earphone cushion and the ear; this possibility is discussed in Sec. III D.
Differences between the measurements and the supraaural earphone model predictions also occur at frequencies above 1000 Hz. Here, the ear-canal pressure measurements ͑individual measurements are shown in Fig. 14͒ show sharp pressure extrema that differ by at least 15 dB from the range of pressures measured in the normal ears; these extrema are not predicted by our simple lumped model, whose validity at these frequencies was questioned earlier ͑Sec. II A͒. These extrema are further discussed in Sec. III E below in terms of a more complex model.
Tympanostomy tube
a. Model predictions. The model predicts that a tympanostomy tube introduces a low-frequency minimum in earcanal pressure ͑relative to a normal ear͒ which depends on the volume of the middle-ear cavity as well as the tube's dimensions ͓Fig. 12͑B͔͒. For frequencies above 1000 Hz, the changes from normal are less than 5 dB in both earphone configurations. Model predictions are plotted for an average size middle-ear cavity of 6.5 cm 3 and two extreme volumes that correspond to the range of anatomical measurements in a population of normal temporal bones: 2.0 cm 3 and 20 cm 3 ͑Molvaer et al., 1978͒. The changes in ear-canal pressure are again larger for the insert earphone than for the supra-aural earphone, but the general behavior is similar for the two earphones. As the middle-ear cavity volume increases, both the frequency and the level of the pressure minimum decrease. For the same middle-ear cavity volume, the two earphone configurations have pressure minima at the same frequency. b. Comparison to measurements. Measurements of the ear-canal pressures made on human subjects with Baxter™ tympanostomy tubes are consistent with the model predictions shown here. The gray shaded regions of Fig. 12͑B͒ indicate the range of measurements on a small population of subjects ͑insert earphone Nϭ4; supra-aural earphone N ϭ3). Because the model predictions are highly dependent on the middle-ear cavity volumes, which are unknown in the patient population, it is impossible to compare an individual measurement to the model. With anatomically reasonable volume variations, the supra-aural earphone model predicts the measured range, and the insert-earphone model predicts the measured range for frequencies below about 1000 Hz and pressures that are 5-10 dB greater than the measurements for frequencies above 1000 Hz. One explanation for this 5-10 dB difference between the model predictions and the measurements involves the choice of the model parameters. In the model, the component Z TOC is determined from temporal-bone measurements on normal ears ͑Fig. 5͒. However, the measurements in Fig. 12͑B͒ are from ears with histories of middle-ear disease, which can reduce the stiffness of the tympanic membrane ͑Unge et al., 1995͒. In fact, reducing the model ͉Z TOC ͉ does result in a reduced ear-canal pressure that more closely approximates the measurements in the 1000-4000 Hz range. Variations of Z TOC from normal are also likely in ears with tympanic-membrane perforations, but the issue is less important in ear's with mastoid bowls because with a mastoid bowl, the additional ear-canal volume dominates the ear's input impedance to frequencies greater than 4000 Hz.
Measurements with both an insert earphone and a supraaural earphone were made on three subjects with Baxter™ tympanostomy tubes. As the model predicts, low-frequency pressure minima occurred at the same frequencies with both earphones ͑Fig. 4 of Voss et al., in press͒. 3. Tympanic-membrane perforations a. Model predictions. According to the model, the changes in the ear-canal pressure generated with a perforated tympanic membrane depend on both the middle-ear cavity volume and the diameter of the perforation. Model predictions are plotted ͓Fig. 12͑C͔͒ for perforations of two extreme sizes for which we also have measurements: 1% and 100% of the tympanic-membrane area. As we do not have measurements of the middle-ear cavity volumes in individual subjects, volumes were chosen to make the model prediction and the measurement similar. 8 In general, the smaller perforation behaves similarly to the tympanostomy tube: A lowfrequency pressure minimum occurs at the same f min for both earphones, and the pressure minimum is smaller with the insert earphone than with the supra-aural earphone. The larger perforations behave more like mastoid bowls with a relatively constant loss as a function of frequency.
b. Comparison to measurements. Figure 12͑C͒ compares model predictions for two perforations with measurements of ear-canal pressure in ear canals with the same size perforations ͑1% and 100% perforations͒. Here, we plot individual measurements instead of measurement ranges, because the perforation diameter, which is a parameter in our data, has a large effect on the ear-canal pressure. Just as with the tympanostomy-tube case, model predictions using middle-ear cavity volumes consistent with the normal range of anatomical measurements are similar to the measured values. An exception occurs with the supra-aural earphone at the lowest frequencies where the measured pressure with a 1% perforation is substantially below the ͑no leak͒ model. Figure 12͑D͒ shows model predictions for a ''highimpedance'' ear. The predicted ear-canal pressure generated by either earphone is no more than 3 dB greater than in the normal ear. As described above ͑Sec. II C 5͒, the maximum driving-point impedance magnitude ͉Z EAR ͉ is limited by the volume of the external ear. Thus, with either earphone, the terminating impedance magnitude ͉Z EAR ͉ can only increase a small amount when ͉Z TOC ϩZ CAV ͉ goes to infinity and the ear-canal pressure remains nearly unchanged. ͓For the highest frequencies shown, 2000-4000 Hz, there is a slight reduction in pressure with the insert-earphone configuration attached to the ''high-impedance'' ear because at these frequencies the magnitude of the impedance of the external-ear space is less than the magnitude of the normal ear impedance ͑Fig. 9͒.͔ Our conclusion that a high-impedance ear has only small effects on ear-canal pressures depends on the volume of the external ear, i.e., the conclusion assumes that the external-ear volume is that of a normal adult-sized ear with V EE I ϭ0.5 cm 3 for the insert earphone or V EE SA ϭ12 cm 3 for the supra-aural earphone. Here we consider the effects of extreme changes in these volumes on ear-canal pressures. For example, consider the case of a smaller volume, as may be appropriate for a young child with a shorter and narrower ear canal than an adult ͑Keefe et al., 1993͒. As V EE approaches zero, the ear-canal pressure will be determined by the impedance of the middle ear. In the limiting case, with a highimpedance middle ear, the earphone's terminating impedance will be high and the ear-canal pressure will approach the Thévenin pressure P TH . As shown in Fig. 11 , the pressures generated in normal ears are only 5-10 dB below P TH ; thus, a small V EE coupled with a high-impedance middle ear can never increase the ear-canal pressure by more than about 10 dB.
High-impedance ear
D. Acoustic leaks between the earphone and ear
At frequencies below 250 Hz, the ear-canal pressures generated by a supra-aural earphone in normal ears were smaller than those predicted by our ͑leak free͒ model ͓Fig. 11͑B͔͒. Figure 13 compares these results of Fig. 11͑B͒ to the model prediction with the array of small ''tubelike'' leaks ͑Sec. II D͒ between the pinna and the supra-aural earphone cushion. The model predictions with this array of small leaks is consistent with the measurements and with the hypothesis that the supra-aural earphone is difficult ͑if not impossible͒ to seal acoustically around the pinna and as a result there are low-frequency pressure reductions in ear-canal pressure. We conclude that there are always small acoustic leaks between a supra-aural earphone and a pinna that result in reduced ear-canal sound pressures at frequencies below about 250 Hz. In support of this conclusion, we note that our measurements on ten subjects all showed smaller ear-canal pressures than predicted by our model, and measurements of ear-canal pressure in ten ears made by Shaw ͑1966, Fig. 2͒ were all reduced relative to the pressure measured in a coupler.
Our measurements of ear-canal pressures in ears with mastoid bowls show large reductions at low frequencies that are also not accounted for by our model of a mastoid-bowl cavity ͓Fig. 12͑A͔͒. These pressure reductions are consistent with larger acoustic leaks in the earphone-to-ear connection than the leaks proposed for a normal ear. Effects of the surgery might lead to larger leaks with mastoid-bowl ears. The surgery includes an incision in the skin behind the pinna. As the incision heals, the scar can pull the posterior portion of the pinna flange closer to the skull. This ''bent'' configuration may introduce a larger leak between the supra-aural earphone cushion and pinna flange ͑Merchant, 1999͒. Figure 14 compares the ear-canal pressures generated by the supra-aural earphone in three ears with mastoid bowls to our model prediction for a leak in the earphone-to-ear connection of a mastoid-bowl ear. The model includes two types of leaks: the array of small ''tubelike'' leaks that accounts for the normal ear's earphone-to-ear connection ͓Fig. 10͑B͔͒ and one larger leak that might occur in a region where the earphone cushion does not parallel the pinna. The model has features that are generally consistent with most of the measurements: the pressure reductions are greatest at the lower frequencies and increases with frequency until a maximum is reached around 500 Hz. It is possible to predict ear-canal pressures with features consistent with each measurement by associating an appropriate ''leak area'' and ''leak length'' with the measurement; measurements with the larger lowfrequency pressure reductions have larger leak areas and measurements with the smaller low-frequency pressure re- FIG. 13 . Model predictions for ear-canal pressures ͑relative to the earphone's Thévenin pressure P TH ) generated in a normal ear when there is a leak between the cushion of the supra-aural earphone and the pinna. Model for the leak has an array (Nϭ150) of ''tubelike'' leaks, each with r leak ϭ0.0125 cm and l leak ϭ2.5 cm. Also shown is the model prediction for the normal ear with no leak. The gray shaded region is the mean plus and minus one standard deviation from the measurements on 10 normal ears ͑Voss et al., in press͒. ductions have smaller leak areas associated with them. We conclude that most of our measurements made on mastoidbowl ears are consistent with larger-than-normal leaks in the earphone-to-ear connection of the supra-aural earphone.
E. Sharp pressure extrema with a supra-aural earphone and a mastoid-bowl ear
Our measurements of ear-canal pressures generated by the supra-aural earphone coupled to ears with mastoid bowls exhibit sharp pressure extrema that typically include a pressure minimum near 2000 Hz of about Ϫ20 dB ͑relative to normal͒ and a pressure maximum near 2500 Hz of about 10 dB ͑relative to normal͒ ͓Fig. 14 and Fig. 3 from Voss et al. ͑in press͔͒. Such sharp pressure extrema are not seen in either ͑1͒ the measurements on normal ears ͓Fig. 11͑B͒ and Fig. 2 from Voss et al. ͑in press͔͒ or ͑2͒ the model predictions shown with our ''simple'' lumped-element model of Fig. 7͑A͒ . Here, we propose an amendment to the model that predicts these pressure extrema at the higher frequencies without affecting the low-frequency behavior with the supraaural earphone and mastoid-bowl cavity configuration.
As discussed in Sec. II C 2, the ''simple'' lumpedelement model with the supra-aural earphone and mastoidbowl cavity configuration becomes inaccurate at frequencies above 1000 Hz, where the dimensions of the external-ear air volume approach the wavelength of sound. Here, we increase the model's frequency range by adding elements to allow a pressure change along the ear canal between the air space under the earphone and the concha to the mastoid-cavity volume ͓Fig. 15͑A͔͒. Instead of representing the external-ear air space as a lumped compliance with volume V EE ϭ12 cm 3 ͓i.e., as in Fig. 7͑A͔͒ , we separate this total air volume into three regions: 1. The air volume within the concha and under the supra-aural earphone cushion (V EE Ј ϭ11 cm 3 ) is represented by C EE Ј ; 2. The ear canal itself is represented as a ''⌸'' network where two complianceseach equal to 0.5C EC and representing one-half of the earcanal volume-are connected by an acoustic mass M EC that is determined by the ear-canal dimensions, M EC ϭl EC /(r EC 2 ), where l EC is the ear-canal length and r EC is the ear-canal radius; and 3. The air volume of the mastoidbowl cavity is represented by the compliance C BOWL .
Here, we choose model-element values for the distributed model ͓Fig. 15͑A͔͒ of the external ear with a mastoid bowl. Values for C EE Ј and C BOWL are obtained from equivalent volumes defined in the preceding paragraph. The earcanal dimensions determine the values for the M EC and the 0.5C EC of the ''⌸'' network. After mastoid surgery, the ear canal is often wider-than-normal, and the canal is shorterthan-normal because the ''tubelike'' part of the canal is terminated by the mastoid-bowl cavity. To define M EC for a mastoid-bowl ear, we use an ear-canal length l EC MB ϭ1.0 cm and an ear-canal radius r EC MB ϭ0.56 cm. These dimensions also define 0.5C EC ϭ0.5V EC /(c 2 ), where V EC ϭ1.0 cm 3 is the ear-canal volume, which is equal to the ear-canal volume computed for a normal ear with average dimensions ͑i.e., an ear-canal length l EC NORMAL ϭ2.5 cm and an ear-canal radius r EC NORMAL ϭ0.36 cm). For frequencies below 1000 Hz, the ''distributed model'' ͓Fig. 15͑A͔͒ and the ''simple'' model ͓Fig. 7͑A͔͒ make the same predictions for the ear-canal pressure with a mastoid-cavity bowl ͓Fig. 15͑B͔͒. Only as frequency increases above 1000 Hz do spatial variations become significant and the ''distributed'' representation of the ear canal has large effects on the model predictions compared to the ''simple'' model ͓Fig. 15͑B͔͒. In particular, the distributed ear-canal model leads to sharp pressure extrema, with a pressure minimum that results from a series resonance between the mass of the ear canal and the compliance of the mastoidbowl cavity and a pressure maximum that results from a parallel resonance between the mass of the ear canal and the compliances of the external ear and the mastoid-bowl cavity. As indicated in Fig. 15͑B͒ , the volume of the mastoid bowl influences the frequencies of the model's pressure extrema, with the larger mastoid-bowl volume producing extrema at lower frequencies. Since these pressure extrema are similar in magnitude and frequency to those measured on subjects with mastoid bowls ͓Fig. 14 and Fig. 3 of Voss et al. ͑in press͔͒, we conclude that the pressure extrema result from resonances between the ear-canal and the air spaces of the external ear and the mastoid bowl.
Next, we test whether our ''simple'' model for the normal ear is adequate for the frequency range 100-4000 Hz that we have considered. A distributed model for the external ear of a normal ear is similar to the model for the mastoidbowl ear ͓Fig. 15͑A͔͒ except the compliance that represents the mastoid bowl, C BOWL , is removed, and the dimensions of the ear canal that define M EC and 0.5C EC correspond to a normal ear canal ͑i.e., an ear-canal length l EC NORMAL ϭ2.5 cm and an ear-canal radius r EC NORMAL ϭ0.36 cm). With a normal FIG. 14. Model predictions for ear-canal pressures generated in ears when there is a leak between the cushion of the supra-aural earphone and the pinna of a mastoid-bowl ear ͑bowl volume 3 cm 3 ͒ with both the same array of ''tubelike'' leaks shown in Fig. 13 and one additional larger leak ͑one tube-shaped leak with area 0.12 cm 2 and length 1 cm 2 ͒. Also shown are three measurements selected from a total of ten measurements made on mastoid-bowl ears ͑thin black lines͒; these three measurements are representative of the total range and general shape of all measurements ͑Voss et al., in press͒.
ear, the two model topologies ͑i.e., the ''simple'' lumped model and the distributed model͒ predict nearly identical earcanal pressures ͓Fig. 15͑C͔͒. Additionally, as shown in Fig.  15͑C͒ , the dimensions of the ear canal have little effect on the model prediction as long as the total volume is constant ͑i.e., l EC NORMAL and r EC NORMAL lead to model predictions that are nearly identical to model predictions made with l EC MB and r EC MB ). Thus, for a supra-aural earphone coupled to a normal ear, the ''simple'' lumped external-ear compliance is adequate and the distributed representation of the ear canal is unnecessary for frequencies up to 4000 Hz.
IV. DISCUSSION
A. Summary of results
Our lumped-element model explains how the sound pressure generated in abnormal ears differs from normal. These differences can lead to significant errors in hearing tests, when it is assumed that the earphone produces the same sound-pressure level in all tested ears.
Middle-ear pathology can both increase and decrease the ear's impedance relative to normal. Both an insert-earphone model and a supra-aural-earphone model predict that earcanal pressures will be altered when the impedance of the middle ear is reduced. In general, changes from normal are larger with the insert earphone because the insert-earphone's small external-ear volume ͑relative to the supra-aural earphone͒ results in a higher load impedance which can be greatly reduced as a result of pathology ͑mastoid bowl, tympanostomy tube, tympanic-membrane perforation͒. On the other hand, when the ear's impedance magnitude increases relative to normal, the ear-canal pressure generally increases by less than 3 dB relative to normal, because the impedance of the air-space volume between the tympanic membrane and the earphone generally places an upper limit on the load impedance on the earphone. The earphone's output can also be affected by acoustic leaks between the ear and the earphone. Here, our supraaural earphone model predicts that such leaks lead to reduced ear-canal sound pressures at low frequencies and slightly increased ear-canal pressures near the resonant frequency between the mass of the leak and the compliance of the ear's load.
B. Pressure in the ear canal versus pressure at the tympanic membrane
We have focused on variations in the ear-canal pressure P EC generated at the output of the earphone. Inter-ear variations in the pressure generated by the earphone-at the earphone's location-are important to quantify because they are currently assumed negligible when testing hearing. Another fundamental issue that remains to be addressed deals with determining whether generating a constant sound pressure in the external ear leads to an accurate test of hearing acuity for all ears. For example, at higher frequencies, standing waves can be generated in the ear canal, and the pressure generated at the earphone may not be representative of the pressure at the tympanic membrane. Neely and Gorga ͑1998͒ have recently suggested that sound intensity level might provide a more useful measure than sound-pressure level in these circumstances.
Another possibility for improved hearing testing would be to test hearing with free-field sound. In this way, effects of ear-canal standing waves and external-ear filtering would be included in the hearing test in a manner similar to realworld hearing situations.
C. Insert versus supra-aural earphones
Differences between insert earphones and supra-aural earphones have been discussed extensively in the literature. In general, supra-aural earphones are purported to have a larger high-frequency dynamic range than many insert earphones ͑Zwislocki et al., 1988͒, while insert earphones provide several advantages over supra-aural earphones, including the reduction of leaks in the earphone-to-ear connection and increased interaural attenuation ͑Killion and Villchur, 1989͒. Our measurements and models show advantages and disadvantages for both the insert and the supra-aural earphones. The ear's impedance has a larger effect on the sound pressure generated by the insert earphone than by the supraaural earphone. Variations in low-frequency pressures that result from leaks are a bigger problem with supra-aural earphones than with insert earphones. We also expect variations in pressure along the ear canal to be larger with supra-aural earphones than with insert earphones as a result of the larger distance between the earphone and the tympanic membrane with the supra-aural earphone.
D. Conclusions
Our model represents mechanisms that can cause systematic ear-canal pressure variations of up to 35 dB in abnormal ears relative to normal; in many cases, pressure variations are as much as 15 dB at several frequencies. To reduce the problem of unknown variations in ear-canal soundpressure levels, a microphone to monitor ear-canal pressures could be built into commercial audiometers, as suggested many years ago ͑Harris, 1978͒. The addition of such a microphone to an insert earphone would result in a system that maintains all of the advantages of an insert earphone and also controls ear-canal pressures close to the tympanic membrane; such a microphone is also a necessary feature of an audiologic system designed to measure the sound intensity level in the ear canal. The models presented here can be used to help define the range of ear-canal pressures such a system would need to correct.
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